At least 20% of all arthropods and some nematode species are infected with intracellular bacteria of the genus Wolbachia. This highly diverse genus has been subdivided into eight "supergroups" (A to H) on the basis of nucleotide sequence data. Here, we report the discovery of a new Wolbachia supergroup recovered from the spider mite species Bryobia species V (Acari: Tetranychidae), based on the sequences of three protein-coding genes (ftsZ, gltA, and groEL) and the 16S rRNA gene. Other tetranychid mites possess supergroup B Wolbachia strains. The discovery of another Wolbachia supergroup expands the known diversity of Wolbachia and emphasizes the high variability of the genus. Our data also clarify the existing supergroup structure and highlight the use of multiple gene sequences for robust phylogenetic analysis. In addition to previous reports of recombination between the arthropod-infecting supergroups A and B, we provide evidence for recombination between the nematode-infecting supergroups C and D. Robust delineation of supergroups is essential for understanding the origin and spread of this common reproductive parasite and for unraveling mechanisms of host adaptation and manipulation across a wide range of hosts.
Wolbachia is a genus of endosymbiotic alphaproteobacteria infecting a wide range of arthropods and filarial nematodes. In arthropods, Wolbachia often manipulates the reproductive mode of its host, causing parthenogenesis, feminization, cytoplasmic incompatibility, or male killing (48) . In nematodes, and also in some arthropods, Wolbachia is an obligate symbiont required for host fertility (11, 39) . It is estimated that more than 20% of arthropod species are infected with Wolbachia, including all major insect orders and some crustaceans and chelicerates (16, 31, 33, 60) . The genus Wolbachia is genetically highly diverse and is divided into eight "supergroups" (A to H) (35) . Currently, all of the supergroups are thought to represent one species, Wolbachia pipientis (35) . Supergroups A and B were described first and are most commonly found among arthropod species (17, 60, 61) . Supergroups C and D are restricted to filarial nematodes (9) . Since the description of these four supergroups, the number of host taxa investigated has grown and the accuracy of detection has improved (investigating multiple individuals per host species and using a combination of primers). This led to the discovery of new Wolbachia strains and new host species. For example, supergroup F was described in 2002 (34) , yet the known diversity and geographic range of host species infected with the supergroup is rapidly expanding. It has been detected in both nematodes and several major arthropod orders (in Chelicerata, scorpions (6, 19, 20, 34, 38, 45) . Other host taxa for which there is evidence of infection by supergroup F are cockroaches (Blattodea) and ant lions (Neuroptera) (22, 54) . Supergroups E and H are less widespread, with E so far found only in springtails (Collembola) (53, 56) and H in one genus of termites (Isoptera) (14) . Isolates recovered from Australian spiders (Araneae) have been assigned as supergroup G (43) , although it has been argued that these strains are in fact recombinants between supergroups A and B rather than representing a distinct lineage (7) . Other diverse Wolbachia strains have been detected in fleas (Siphonaptera) (25) , the filarial nematode Dipetalonema gracile (Spirurida) (19) , and the pseudoscorpion Cordylochernes scorpioides (Pseudoscorpionida) (63) , but these strains have not yet been assigned to a supergroup.
The genotypic diversity of Wolbachia mirrors an equally impressive range of phenotypes in terms of host range and manipulative effects. Much is still unknown about the origin and spread of Wolbachia, which host taxa were first infected, and how Wolbachia was transferred between taxa. Routes of transfer are still unclear; it is, for example, unknown if arthropods or nematodes were first infected (19) . Robust phylogenetic analysis and the delineation of supergroups is therefore essential for elucidating the pathways and processes by which these diverse phenotypes have evolved, and recent studies have highlighted the promise of the multiple-gene sequencing approach (4, 6, 14, 19, 44) . Such datasets can also reveal evidence concerning the contribution of lateral gene transfer to the evolution and host adaptation of Wolbachia.
Here, we describe the characterization of a diverse sample of Wolbachia strains by multiple-gene sequencing of the 16S rRNA gene and three protein-coding genes (gltA, groEL, and ftsZ) that had been used earlier for supergroup descriptions (14, 19, 35) . We report the discovery of a new Wolbachia supergroup (K) in a spider mite species of the genus Bryobia (Bryobia species V; Acari: Tetranychidae) and show that other tetranychid species (Bryobia praetiosa, Bryobia sarothamni, Bryobia species I, and Tetranychus urticae) harbor B-group Wolbachia. The cooccurrence of two supergroups (B and K) within a single host genus is very unusual and has previously been noted only for supergroups A and B, which often occur in the same arthropod species and are known to recombine (7, 60, 61) . We further rationalize the supergroup structure by proposing that the strains recovered from fleas (Siphonaptera) (19, 25) and the filarial nematode D. gracile (Spirurida) (19) correspond to the new supergroups I and J, respectively.
MATERIALS AND METHODS
DNA isolation, amplification, and sequencing. We analyzed Wolbachia strains from four Bryobia species (B. praetiosa, B. sarothamni, and Bryobia species I and V) and T. urticae (Table 1 ). The Bryobia species were sampled within Europe between 2004 and 2006, maintained as isofemale lines in the laboratory, and identified using 28S rRNA and cytochrome c oxidase subunit I sequence data (42) . An infected strain of T. urticae has been maintained in the laboratory for over 10 years. DNA was extracted from single individuals using the cetyltrimethylammonium bromide method as described by Ros and Breeuwer (41) .
FtsZ was amplified and sequenced using the primer sets ftsZ1 (5Ј-CCGTAT GCCGATTGCAGAGCTTG-3Ј) and ftsZ2 (5Ј-GCCATGAGTATTCACTTGG CT-3Ј) (30) and ftsZf1 (5Ј-GTTGTCGCAAATACCGATGC-3Ј) and ftsZr1 (5Ј-CTTAAGTAAGCTGGTATATC-3Ј) (61) . groEL was amplified using the primers groEL-F (5Ј-CAACRGTRGSRRYAACTGCDGG-3Ј) and groEL-R (5Ј-GATADCCRCGRTCAAAYTGC-3Ј), hand designed from available Wolbachia and Rickettsia genome sequences (2, 37, 62) and tested on isolates representative of supergroups A and B (samples kindly donated by Robert Butcher, University of Bath). gltA was amplified and sequenced as described by Casiraghi et al. (19) .
PCR amplifications were performed in 25-l reaction mixtures containing 2.5 l 10ϫ Super Taq buffer (HT BioTechnology, Cambridge, United Kingdom), 1.25 l bovine serum albumin (10 mg/ml), 5 l deoxynucleotide triphosphate mixture (1 mM of each nucleotide), 0.2 l of each primer (20 M each), 0.2 l of super Taq (5 U/l) (HT BioTechnology), 13.15 l water, and 2.5 l of DNA extract. The PCR cycling profile for ftsZ was 35 cycles of 30 s at 95°C, 30 s at 51°C, and 1 min at 72°C, and for groEL it was 35 cycles of 1 min at 95°C, 1 min at 49°C, and 1.5 min at 72°C. The PCR products were purified using a DNA extraction kit (Fermentas, St. Leon-Rot, Germany). The purified products were directly sequenced using the ABI Prism BigDye Terminator Sequence Kit (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) according to the manufacturer's instructions but diluted 16 times. Both strands of the products were sequenced using the same primers used in the PCR amplification. Sequences were run on an ABI 3700 automated DNA sequencer.
Amplification and cloning of the 16S rRNA gene. To check for multiple infections (by different Wolbachia strains or by other bacteria), part of the 16S rRNA gene was amplified and cloned for the four Bryobia samples. DNA was extracted from five pooled individuals per isofemale line following the cetyltrimethylammonium bromide method (41) . Part of the 16S rRNA gene was amplified using the primers 27F (5Ј-AGAGTTTGATCMTGGCTCAG-3Ј) and 1513R (5Ј-ACGGYTACCTTGTTACGACTT-3Ј) (59) in a 25-l reaction mixture containing 2.5 l 10ϫ Super Taq buffer, 5 l deoxynucleotide triphosphate mixture (1 mM of each nucleotide), 0.5 l of each primer (10 M each), 0.2 l of super Taq (5 U/l), 13.3 l water, and 3 l of DNA extract. The PCR cycling profile was 35 cycles of 1 min at 94°C, 1 min at 54°C, and 1 min at 72°C. The PCR products were purified using the method of Boom et al. (13) . The purified products were ligated into a vector (pGEM-T Easy Vector System) and then used to transform JM109 competent cells, according to the manufacturer's instructions (Promega, Madison WI). Plasmids were recovered for 10 colonies per sample, using minipreparation procedures (46) . The plasmids were sequenced using the M13 forward primer and the internal 16S rRNA gene primers 704f (5Ј-GTAGAGGTRAAATTC GTAAA-3Ј) and 765r (5Ј-CTGTTTGCTCCCCACGCYTTG-3Ј) (modified from the method of Bandi et al. [10] ) as described above. For T. urticae, the 16S rRNA gene was sequenced directly using the same primers and PCR protocol.
Data assembly and phylogenetic analyses. The sequences obtained in this study were combined with sequences obtained from GenBank representing all currently known supergroups of Wolbachia (see Table S1 in the supplemental material). We analyzed alignments of 636 bp for gltA, 489 bp for ftsZ, 491 bp for groEL, and 1,255 bp for the 16S rRNA gene. Sequences for which at least two of the three protein-coding genes were available were included. The 16S rRNA gene data set contained a few additional samples (for which data on the mentioned protein-coding genes are unknown) to explore the full range of Wolbachia diversity. Sequences were identified by the name of the host species. The sequences were aligned using ClustalX version 1.8.0 with default settings (52) . Phylogenetic analyses were performed using neighbor-joining (NJ), maximum likelihood (ML), and Bayesian methods for each locus separately and for a concatenated data set of the three protein-coding genes. PAUP* version 4.0b10 (50) was used to select the optimal evolution model by critically evaluating the selected parameters (51) using the Akaike Information Criterion (1). For the protein-coding genes, we tested if the likelihood of models could be further improved by incorporating specific rates for each codon position (47) . This approach suggested the following models: 16S rRNA gene (HKY ϩ I ϩ G), gltA (TIM ϩ G), ftsZ (TrN with site-specific rates for each codon position), groEL (submodel of GTR with rate class "a b c c d c" and site-specific rates), and the concatenated data set (submodel of GTR ϩ I ϩ G with rate class "a b c c d e"). Under the selected models, the parameters and tree topology were optimized using the successive-approximations approach (49) . NJ analyses (p distances) and ML analyses (heuristic search, random addition of sequences with 10 replicates, and TBR branch swapping) were performed in PAUP. The robustness of nodes was assessed with 100 bootstrap replicates. However, as PAUP does not allow site-specific rates in bootstrap analysis, ML bootstrapping for ftsZ and groEL was performed with gamma distributed rates with 100 bootstrap replicates. Bootstrap values were then plotted on the phylogeny obtained with the original model with site-specific rates. Bayesian analyses were performed as implemented in MrBayes 3.1.2 (40) . The models used were GTR ϩ I ϩ G (16S rRNA gene), GTR ϩ G (gltA), and GTR with separate rates for each codon position (ftsZ and groEL). For the concatenated data set, the same models were used for each gene partition. Analyses were initiated from random starting trees. Two separate Markov chain Monte Carlo (MCMC) runs, each composed of four chains (one cold and three heated), were run for 6,000,000 generations. The cold chain was sampled every 100 generations, and the first 15,000 generations were later discarded (a burn-in of 25%). Posterior probabilities were computed from the remaining trees. We checked whether the MCMC analyses ran long enough by using the program AWTY (http://ceb.csit.fsu.edu/awty). Stationarity (stable topologies and posterior probabilities with increasing run time) was assumed when there was convergence between the two MCMC runs and when the cumulative posterior probabilities of splits stabilized; in all analyses, 6,000,000 generations proved sufficient. Analysis of recombination. Alignments were checked for signs of intragenic recombination using the software package RDP3 (36) and by visual inspection. The programs used in the RDP3 software package were RDP, Geneconv, Bootscan, MaxChi, Chimaera, and Sister Scanning. Analyses were run with default settings, except for window and step sizes, which were varied during independent analyses. Analyses were performed for total data sets and reduced data sets with one or two strains representing each supergroup. We have included only those cases of recombination that were detected by at least two of the listed programs and supported by visual inspection.
Nucleotide sequence accession numbers. All new sequences were deposited in the GenBank database under accession numbers EU499315 to EU499334 (see Table S1 in the supplemental material).
RESULTS
Phylogenetic analysis of four Wolbachia loci (a total of 2,871 bp) showed the existence of two highly divergent Wolbachia strains within the family Tetranychidae ( Fig. 1 and 2 ). The species Bryobia species V harbors a Wolbachia strain that does not cluster with any of the previously described supergroups. It forms a distinct phylogenetic lineage, highly divergent from all known supergroups (2.8 to 5.5% pairwise difference of the 16S rRNA gene). The three other Bryobia species and T. urticae harbor (different) Wolbachia strains that cluster with Wolbachia supergroup B.
Cloning of the 16S rRNA gene showed that each Bryobia mite is infected with a single Wolbachia lineage, and no double infections with other bacteria were found. The 10 clones sequenced per species showed minimal sequence differences (Ͻ1%), and those differences that were detected may reflect cloning artifacts (9) . For each sample, a majority-rule consensus sequence was created. Among the 10 clones sequenced for Bryobia species I, one clone was identified as belonging to the genus Streptococcus ("oral clone"). This clone was considered contamination and discarded.
Our analysis confirms supergroups A to F and H as distinct, coherent phylogenetic clades, supported by high bootstrap and posterior probability values ( Fig. 1 and 2 ). These clades were consistently recovered for each locus separately (data not shown), although support for supergroup A is low in the 16S rRNA gene phylogeny (Fig. 2) . Apart from these known supergroups, three further distinct Wolbachia lineages were observed: a lineage found in Ctenocephalides felis and Orchopeas leucopus (both Siphonaptera) (19, 25) , a lineage found in D. gracile (Spirurida) (19) , and a lineage in Bryobia species V (Tetranychidae; this study). These lineages are highly distinct from all other supergroups for all analyzed loci. We propose to name these lineages supergroups I, J, and K, respectively ( Fig.  1 and 2 ; see Table S1 in the supplemental material). The 16S rRNA gene phylogenetic tree includes additional samples of interest. These represent newly described supergroups or were recovered from host species only recently discovered to harbor Wolbachia (21, 22, 25, 34, 54) . Our analysis also includes isolates assigned to supergroup G (43) (Fig. 2 ; see Table S1 in the supplemental material). The phylogeny of the 16S rRNA gene is less well resolved than the phylogenies of the protein-coding genes. Supergroup A lacks support, and samples from the spider genus Diaea (Araneae) and the ant lion Myrmeleon mobilis (Neuroptera) fall between or within supergroups A and B. This finding is therefore consistent with a previous suggestion by Baldo and Werren (7) that the Wolbachia strains from Diaea are supergroup A/B recombinants rather than forming an independent lineage (supergroup G), as proposed by Rowley et al. (43) . These observations also challenge the common assumption that the 16S rRNA gene is a reliable phylogenetic marker that is recalcitrant to recombination. Our data reveal at least one clear case of recombination in the 16S rRNA gene (Fig. 3) . Recombination has occurred between Wolbachia strains from M. mobilis and isolates from supergroups B (B. praetiosa) and F (Kalotermes flavicollis) (P Ͻ 0.05 for MaxChi, Chimaera, Bootscan, and Siscan) (Fig. 3a) . Exact breakpoints could not be determined, and it remains unclear which sequence represents the recombinant. A second, less evident, recombination event was revealed between strains from supergroups E (Folsomia candida), I (C. felis), and B (B. praetiosa) (P Ͻ 0.05 for MaxChi and Chimaera) (Fig. 3b) . In this case, recombination may have occurred at several places along the sequences and between all strains. This could reflect recombination events in the distant past. Clear recombination is also evident in the striking mosaic structure observed within gltA between strains from supergroups C and D (Fig. 4) (P Ͻ 0.001 in all cases). The sequence of Wuchereria bancrofti (supergroup D) is a combination of the sequence of Brugia malayi (D) and Onchocerca gibsoni (C) (Fig. 4) . Strains of these two supergroups infect filarial nematodes but are highly divergent Fig. 1 and 2 ). Within gltA, recombination was also detected within and between strains from supergroups A and B, similar to earlier findings of Baldo et al. (3) . No well-supported signs of recombination were detected within groEL or ftsZ.
DISCUSSION
We describe the discovery of a new Wolbachia supergroup, named K, within Bryobia species V. The other Wolbachia strains from B. praetiosa, B. sarothamni, Bryobia species I, and T. urticae clustered within supergroup B. While supergroups A and B frequently infect species of a single genus and have even been found coinfecting the same species (17, 60, 61) , thus providing the opportunity for recombination (5, 7), other supergroups have rarely been found coinfecting the same host genus. The discovery of another Wolbachia supergroup expands the known diversity of Wolbachia, and we consider it very likely that more supergroups remain to be discovered as screening techniques improve and a wider variety of potential host species are examined. The detection of supergroup K within Bryobia also underscores the fact that little is known about Wolbachia diversity even within known host species and that the analysis of multiple individuals within single host species will further increase the chance of detection of new strains or even supergroups. The design of more pairs of degenerate primers utilizing the known range of sequence diversity within the Wolbachia will expedite this process, as detection may be biased by primer choice and previous screening studies have almost certainly underestimated the abundance of Wolbachia. In order to spread the net as wide as possible, we suggest that screening studies should utilize a combination of validated primers based on conserved sequences spanning the broad range of diversity currently described for Wolbachia. A more fully representative nucleotide data set is required before a universal primer set can be identified which reliably encompasses the full range of Wolbachia diversity.
Wolbachia has been found in several species of the spider mite family Tetranychidae (16, 27, 28, 57, 58) . Prior to this study, all isolates recovered from spider mites have corresponded to supergroup B (16, 31) . Wolbachia infection in Bryobia is known to cause parthenogenesis in B. praetiosa (57) , and there is good evidence that many other Bryobia species, including Bryobia species I and Bryobia species V, are asexual (42) . Possibly, Wolbachia is widespread within the genus Bryobia and is responsible for the parthenogenetic reproduction. The fact that two different supergroups are detected in this genus suggests at least two independent infections within Bryobia. Independent infections could explain our finding that asexual species do not form a monophyletic clade, and asexuality originated more than once (42) . We also note that Wolbachia infection is not restricted to asexually reproducing Bryobia species, as it is also detected in the sexually reproducing species B. sarothamni. In sexual species of other spider mite genera (Tetranychus, Panonychus, and Oligonychus), including T. urticae, which is included in this study, Wolbachia causes cytoplasmic incompatibility (15, 26, 27, 28, 55) . However, in other studies, no detectable effect of Wolbachia infection was found (24, 27, 28) . The effect of Wolbachia in B. sarothamni remains to be investigated.
Even though a strict definition of a supergroup is lacking, the generation of data from multiple genes clearly can be used to delineate well-supported clades within Wolbachia. Depending on how one views the phylogenetic status of a "supergroup," the multilocus sequencing approach for defining Wolbachia supergroups falls somewhere between multilocus sequence typing, in which the alleles at a set of housekeeping genes define strains and clonal groups within a named species, and multilocus sequence analysis, in which the same procedure provides evidence concerning the boundaries between closely related "species" (23) . The level of diversity within each supergroup varies (e.g., supergroup C is very diverse) ( Fig. 1 and  2 ), but all currently recognized supergroups are well supported (A to F and H), and the levels of divergence between the supergroups are generally more akin to inter-rather than intraspecies differences (Table 2) . Similarly, the newly defined supergroups I, J, and K are highly divergent from all other supergroups and are well supported by all analyzed loci. More strikingly, for all four analyzed genes, the distances between these new supergroups and any current supergroups are equal to (in one case, between I and F for groEL) or larger than (in all other cases) the minimum distance between current supergroups. Moreover, the maximum observed distance between all supergroups for all genes involves either one or both of the new supergroups, indicating the high diversity of these groups. Therefore the putative new supergroups more than match the criteria for sequence "distinctness" on which current supergroups are based.
In our opinion, this validates the designation of these supergroups and the possible promotion of Wolbachia supergroups to species status. The occurrence of occasional gene transfer between supergroups does not preclude such a reevaluation, as by this token, many closely related named bacterial species should be lumped together. Although there is currently no universal conceptual basis for species (or supergroup) assignment, the equivalence of supergroups and species would help to bring Wolbachia systematics into line with other bacterial taxa and would encourage debate as to the evolutionary and ecological significance of these major Wolbachia clades.
The 16S rRNA gene data set was supplemented with recently identified strains of interest. Within the ant lion M. mobilis (Neuroptera), two distinct strains were detected (22) , one of which clusters with supergroup F. The other strain clusters with samples previously identified as supergroup G (see below). Thus, two divergent strains infect this ant lion species, although this should be further investigated using other genes as our data and previous studies point to the possibility of recombination at the 16S rRNA gene. Furthermore, Wolbachia strains from two cockroach species, Blatella sp. and Supella longipalpa (Blattodea), and a weevil, Rhinocyllus conicus (Coleoptera), cluster with supergroup F based on 16S rRNA gene data (34, 54) . This shows that, like supergroups A and B, supergroup F is also widespread among different arthropod orders (Table 3) . Supergroup G was described for Wolbachia strains from two species of the spider genus Diaea (Araneae) (43) . We included these samples in our 16S rRNA gene analysis, and Fig. 2 shows that these samples fall in between supergroups A and B. Based on analyses of wsp sequences, Baldo and Werren (7) showed that Wolbachia strains defined as supergroup G are recombinants between strains of supergroups A and B. Recombination is apparently also present at the 16S rRNA gene (Fig. 3) . This is illustrated for the sequence from M. mobilis, which clusters with samples from the two Diaea species in the 16S rRNA gene phylogenetic tree (Fig. 2) . This sequence shows signs of recombination events with strains from supergroups B (B. praetiosa) and F (K. flavicollis) (Fig. 3a) . Only part of the 16S rRNA gene is sequenced for the Diaea samples, making exact inference of relationships impossible. A more detailed investigation including other genes should be performed to infer the exact relationship of these samples.
While horizontal transfer and recombination between arthropod-infecting supergroups A and B are common, they are considered entirely absent in or between nematode-infecting supergroups (3, 4, 5, 32) . So far, phylogenies of filarial nematodes and their Wolbachia parasites were found congruent, suggesting coevolution between nematodes and Wolbachia for nearly 100 million years (9, 18) . We illustrate a clear case of recombination between nematode supergroups C and D. Although Wolbachia-nematode associations are found to be highly specific, this apparently does not exclude occasional horizontal transfer and recombination. Possibly, there are ecological opportunities (e.g., sharing of the same nematode host or arthropod vector species) allowing strains of different supergroups to recombine.
Some supergroups have taxonomically widespread host ranges, while others are restricted to a single taxon (Table 3) . Supergroups A and B are found in the three major arthropod subphyla (Chelicerata, Crustacea, and Hexapoda). Supergroup F is found in the subphyla Chelicerata and Hexapoda and also in the phylum Nematoda, indicating interhost transmission of Wolbachia between arthropods and nematodes (19, 38) . Trans- mission of supergroups A, B, and F between the subphyla is also thought to be common. In contrast, supergroups E, H, I, J, and K are each currently restricted to a single order or even a single species, although there is very little evidence concerning the true distribution of these supergroups. When all subphyla are considered, the Hexapoda contain the highest diversity of Wolbachia strains: all supergroups are found except C, D, J (restricted to the phylum Nematoda), and K (found only in the order Prostigmata [Acarina] (6, 16, 29, 43, 63) . This suggests multiple independent infections of the Chelicerata with Wolbachia. Most of these findings were only recently reported, and we expect that future investigations within these and other taxa will further enlarge the known diversity of Wolbachia.
In conclusion, the combined analysis of the three proteincoding genes gltA, ftsZ, and groEL give a congruent and wellsupported representation of the current supergroup designation. This agrees with the findings of Casiraghi et al. (19) and Bordenstein and Rosengaus (14) . The phylogeny obtained from 16S rRNA gene sequences is less well resolved, and recombination is observed within this region, rendering it less suitable for supergroup assignment (34) . Although a single intragenic recombination event was found for gltA, this does not affect the supergroup classification. Sets of primers are available that work well across all known supergroups, and these should help in refining the structure further and for uncovering more diversity in the future. 
